A major technological discovery, that of the oneway valve for the shunting of cerebrospinal fluid from the lateral ventricle into the venous system, has permitted: (1) The more complete delineation of the clinical syndrome of hydrocephalus (Adams et al. 1965 ).
(2) The recognition of symptomatic hydrocephalus at pressures formerly regarded as being within normal limits (normal pressure hydrocephalus) (Hakim & de Davila 1964 , Hakim & Adams 1965 . (3) The more effective treatment of cases of hydrocephalus and other conditions such as diverticula of ventricle and subarachnoid cysts.
The treatment of hydrocephalus by establishing communication between the CSF pathways and vascular system was suggested by Gartner in 1895. Practical operative techniques had to await the development of a check-valve. The history of these developments is described by Pudenz et al. (1957) and Pudenz (1958) . In 1956 Spitz & Holter engineered the first effective pumping valve. This valve and others of the same type had the limitations of not being sterilizable by autoclave, of tending to block with high protein fluids and of not adequately regulating the pressure of CSF.
The invcntion by Hakim et al. (1964) of an autoclavable, stainless steel valve using a spring device and a sapphire ball, has not only eliminated the post-operative infection but has permitted a constant reduction of the CSF pressure to any desired value.
The Clinical Manifestations ofHydrocephalus
The deleterious effect of progressive enlargement of the ventricles of the brain is a medical matter of common knowledge. Attention has been attracted most particularly to the infantile varieties in which the sutures separate and the head enlarges. Gross impairment of all intellectual function, blindness, decerebrate or decorticate postures and paralysis of the limbs are accepted as the inevitable and most dreaded manifestations of the advanced stage of the clinical state, with lesser degrees of these changes being expected during the earlier stage. In nearly all instances, however, there has been the impossibility of completely distinguishing the effects of the hydrocephalus from the disease which caused it, such as meningitis, tumour, Arnold-Chiari malformation &c. Only in conditions such as aqueduct stenosis where little else appeared abnormal in the brain could one begin to view hydrocephalus in its pure, uncontaminated form; and even then there was always the possibility of having overlooked an obscure peri-aqueductal lesion. Moreover, these observations on children with enlarged heads might not be applicable to the adult with occult hydrocephalus (hydrocephalus with normal cranium) for it has bzen suggested that the brain suffers lesser degrees of injury if the cranium is permitted to expand. Until comparatively recent times the successful and permanent relief of the hydrocephalus was accomplished only by the removal of the tumour or other lesion which caused it, and the conclusion that whatever disappeared in the clinical syndrome had been the effect of hydrocephalus was not justified.
The one-way valve exposes in bold relief the hydrocephalic syndrome, whether caused by obstruction within the ventricular system or in 37/the subarachnoid space of brain stem. For example, all the symptoms of a third ventricular cyst or chronic adhesive arachnoiditis which disappear upon the shunting of CSF from the ventricles to the venous system, may then be ascribed to the hydrocephalus and not to the tumour or meningeal fibrosis which still remains in place. Thus the more subtle symptomatology of occult hydrocephalus from whatever cause may now be identified.
In recent years 9 such cases of occult hydrocephalus in the adult have come within purview in our hospital.
In 3 of the 9 cases a severe head injury with manifest subarachnoid hemorrhage and probable contusion had initiated a communicating type hydrocephalus; in 4 a similar type of hydrocephalus had gradually developed, without evidence of trauma, subarachnoid hmmorrhage, meningeal infection or tumour; in one case the hydrocephalus was due to a third ventricular cyst (probably colloid) and in another it had followed rupture of an aneurysm and subarachnoid hemorrhage. Several of the patients were believed to have had elevated intracranial pressure early in the course of the illness but at the time the ventriculo-atrial shunt was done the CSF pressure was demonstrated by repeated lumbar punctures to be in the range of 140-180 mm of water.
Proof of the obstructive nature of the hydrocephalus was obtained radiologically by (a) the visualization of the causative lesion, e.g. tumour, or a large dilatation of the entire ventricular system, including aqueduct of Sylvius and fourth ventricle (except in third ventricular cyst) without air passing over the surface of the cerebral hemispheres; (b) the shunting of the CSF which reduced the pressure to approximately 70-100 mm with disappearance of the symptomatology. As a rule the improvement was evident within a few hours to a few days and a dramatic subsidence of symptoms occurred over a period of days and weeks even after the symptomatology had been present over a period of three to fifteen months. All the patients have recovered and are either completely normal or have only slight residual symptoms; they have remained well after a period of three months to eight years.
The reversible neurological symptoms may be described under the following categories:
Disturbance in thinking and behaviour: While the most difficult to describe, derangements in this sphere were the most common effect of mild hydrocephalus. Developing gradually or being left, as a syndrome of more severe proportions subsided (as in the cases of aneurysmal subarachnoid hemorrhage and trauma), a change in mental function was the complaint most frequently registered by the patient's family (all 9 cases) and was occasionally noted by the patient himself. Being forgetful (i.e. mild to severe impairment of retentive memory) was one feature, but observation also disclosed a paucity ofthought and action. Less speech was initiated; the patient was less lively and spontaneous; the range and variety of activities was reduced. A decrease in quality of thinking was observed as well as a quantitative reduction and often it had resulted in unintelligent action. Emotional reactions likewise seemed less vivid; there was an indifference, an apathy, a lack of enduring affect. In only one case, an alcoholic woman, was excessive irritability noted, and this was principally in the nature of a lack of inhibition of impulse, with the immediate reaction conforming to her prevailing mood of depression and anxiety. Inner psychic life seemed impoverished; the patients were bereft of thought. When vaguely aware of their difficulty, reference was sometimes made to it as a trouble in thinking. One woman remarked upon being forgetful but seemed to overlook the fact that she had become completely incompetent to take care of her own affairs. Another spoke of herself as being 'scatty', meaning absentminded and easily distractable. At the earliest or mildest stages of illness examination revealed no aphasic disorder; calculation of varying degrees ofcomplexity was possible though slow with the commission of many errors; no apraxic or agnosic abnormalities were noted; spatial orientation was intact though temporal orientation tended to be inexact. Other items of behaviour change consisted of inattentiveness and sporadic incontinence of sphincters, especially urinary, which appeared to embarrass others more than the patient.
As the hydrocephalic symptomatology became more severe the patient would for long periods remain mute and relatively motionless, episodes that resembled catatonia or early parkinsonism. Questions tended to evoke action rather than reply, and verbal responses if made at all were usually monosyllabic. One patient sat for hours with a newspaper in hand or idly staring at a television set, rarely looking understandingly at either. Visual fixation and following movements of eyes would occur and at times all types of visual stimuli would seem to be equally attractive, thus revealing what might be termed a distractability of attention. Sphincteric incontinence was more frequent at this stage. The most advanced stages of the condition were attended by stupor with grasp and sucking reflexes and Babinski signs, but no paralysis of limbs. This could progress to coma.
Disturbance of gait and other neurological abnormalities: Difficulty in walking was noted in each of our cases but it was difficult to characterize. The mildest degree consisted of a slight uncertainty, a tendency to make a misstep in one or other direction which could lead to a fall. Tandem walking was difficult. Patients preferred to steady themselves and gain security by taking the arm of a companion or touching an article of furniture. More severe degrees of gait disturbance amounted to an unsteadiness reminiscent of what has been termed an 'apraxia of gait' or Brun's 'frontal lobe ataxia'. As the hydrocephalus worsened standing and walking became impossible (an astasia-abasia). In contrast, limb movements were quite facile showing only slight hesitancy or slowness; and frank ataxia, decQmposition of movement, dyssynergia or intention tremor were not observed.
A tendency to suck and grasp was variably present in the more advanced stages of disease; the latter took more the form of an instinctual grasping than true grasp reflex, being bilateral and more easily evinced by attracting attention to something other than the hand. The tendon reflexes tended to be lively, especially in the legs, and were sometimes accompanied by extensor plantar reflexes on one or both sides, which were more frequent in states of mutism or stupor. Other signs of pyramidal deficit such as weakness, downward drifting of an outstretched limb or resistance to passive movement were at times suggestively positive.
Nystagmus was persistently present in only one case and ocular motility, vision and hearing and somatic sensation generally were without fault.
Reversibility of the disorder of attention, memory, thinking and activity was more rapid than correction of the gait abnormality. In several instances a few weeks elapsed before locomotion became dependable, long after intellect had either been restored to normal or had reached a level of improvement from which it deviated little.
Laboratory Aids in Diagnosis and Differential Diagnosis
The laboratory data which were most helpful in the diagnosis of occult hydrocephalus were: (a) Cerebrospinal fluid.
The CSF pressure was elevated in some cases early in the course of the illness but became normal later and in 5 it remained within normal limits at all times. This finding is discussed more fully below. The cellular and chemical content of the CSF varied with the condition which had given rise to the hydrocephalus. The electroencephalogram was abnormal in all the cases but in early hydrocephalus only a few random slow waves in theta or delta range could be singled out. Driving at 5-20 flashes per second with the induction of 5-7/sec waves in occipital and temporal leads (described earlier by Gastaut, 1950, in hydrocephalus) were observed in several cases. The pneumoencephalogram invariably revealed a ventricular enlargement of enormous proportions (much beyond that observed in senile dementia), with involvement ofthe lateral and third ventricles, aqueduct and fourth ventricle, in the cases of communicating hydrocephalus. Air could not be induced to pass over the cerebral hemispheres. This finding and the huge size of the ventricles were useful in excluding brain atrophy (hydrocephalus ex vacuo) in cases in which CSF pressure was normal.
With further experience we came to recognize the clinical state as being different from that of other diseases which impair intellectual function in late life. We watched for it particularly amongst the patients suspected of having a dementing degenerative disease and found that those in whom poor memory, psychomotor impairment, uncertainty of gait and sphincteric incontinence were early symptoms, and where the evolution of the illness occurred over a few weeks to months and fluctuated, should be suspected as having hydrocephalus rather than presenile or senile brain atrophy. It should be looked for with particular care in cases of prolonged stupor after head injury, in torpid states following a ruptured saccular aneurysm and subarachnoid hemorrhage, in a similar syndrome with protracted bacterial or 'chemical' meningitis or neoplasia of meninges.
The Condition ofNormal Pressure Hydrocephalus It probably comes as no surprise to neurosurgeons and many neurologists that hydrocephalus of such severity as to be symptomatic may occur with CSF pressures less than 180 mm. Since the first systematic recordings of CSF pressure, it has been generally known that VIII nerve, pineal and third ventricular tumours might produce mental symptoms by the mechanism of obstructive hydrocephalus without significant elevation of CSF pressure or papilloedema. Also that in time, with certain conditions such as postmeningitic states, the hydrocephalus might gradually ameliorate, CSF formation and outflow reaching an equilibrium with pressure returning to a 'normal' level, from which it could again be decompensated by head injury, infection or lumbar puncture. A search of the literature, however, fails to disclose a coherent account of these phenomena.
Knowing of the observations of Lundberg (1960) in which wide fluctuations of CSF pressure from normal to extremely high levels were recorded in states of tumour, cerebral trauma and the like, we took precautions to repeat the lumbar punctures many times in several of our cases. The lumbar pressures were found always below 180 mm. To check this point further my colleague in Colombia, Dr S Hakim, has made continual lumbar pressure recordings over a period of a day in 3 of his patients with normal pressure hydrocephalus without demonstrating a single elevation. The possibility that the lumbar pressure might not reflect intraventricular pressure also had to be considered, for high ventricular pressure and low CSF pressure does occur in such conditions as obstructive hydrocephalus due to a congenital stenosis of the aqueduct of Sylvius. In several cases, however, simultaneous measurements of the ventricular and lumbar pressures in cases of communicating hydrocephalus showed them to correspond fairly closely. This has already been described by Smyth & Henderson (1938) .
The possibility that a CSF pressure of 150-200 might in itself be harmful if the ventricles were already enlarged was then considered. This was suggested by the assumption that the gradual fall in high CSF pressure in the early stages of hydrocephalus seemed to coincide with the expansion of the ventricular system. Expressed in terms of pathophysiology it appeared that any given, slightly elevated, pressure in dilated ventricles might compress brain tissue more severely and impair its function to a greater extent than if the same pressure were applied to the walls of normal-sized ventricles. In other words, there might be a reciprocal relationship between ventricular pressure and surface.
In seeking an explanation of this phenomenon Dr Hakim, who had spent much time investigating CSF physiology, suggested that Pascal's law for fluidswhere the force exerted by the fluid in the surrounding medium would be equal not to the pressure of the fluid but to the pressure times the area of surface on which it actsmight be applied. This he designated in his thesis (Hakim & de Davila 1964) and in our first article on the subject (Hakim & Adams 1965) as the hydraulic press effect of hydrocephalus, thereby introducing into CSF hydrodynamics a totally new concept. Similar relationships are known to hold for fluids contained in elastic containers where low pressures in large containers will support heavier weights than those in small containers (the analogy of the truck tyre which is inflated with low pressure and bicycle tyres with high pressure).
There are difficulties in drawing an analogy with this or any other physical system, because the cerebral tissue is not homogeneous, its elastic properties are debatable and probably change as the ventricles enlarge. The ventricles are not sealed compartments but have outlets. Compression by enlarging ventricle is in part at the expense of CSF and venous blood and the pressure relationships between ventricle and cerebral surface are unknown. Implied in all theories of hydrocephalus is an elevation of intraventricular pressure above the normal level relative to the pressure in the cerebral subarachnoid space. The mechanism of symptom production must be compression and stretching of tissues adjacent to the ventricles. Relief of intraventricular hypertension manifestly restores cerebral function, an incontestable proof of the operation of a physical force. Evidence of a physical force is obtained also by gross examination of the brain in hydrocephalus, which shows that the ventricular enlargement is mostly at the expense of white matter which becomes thinned out leaving the cortex relatively unaltered. Also, under the microscope neurones and veins near the ependyma exhibit the effects of the pressure, being flattened in a plane perpendicular to the lines of force. Ultimately a point is reached where the white matter is destroyed in decreasing degree from ventricular surface outward whereby a hydrocephalic paralysis of nervous function is converted into an irreversible hydrocephalic atrophy of brain. It is conceivable that the larger surface of the expanded ventricles would deliver greater total thrust against important long fibre tracts and nuclei in proportion to ventricular size.
That ventricular surface as well as pressure is a factor in the stretching and compression of nervous tissue may be of importance in the general configuration of the ventricular enlargement in hydrocephalus. Leaving aside the state of the cerebral tissue whereby an acquired lesion favours an enlargement of the nearest part of the ventricular system, it appears that the anterior horns of the ventricles usually undergo maximal enlargement followed by the atrio-occipital portions and the temporal horns. Then follow the third and fourth ventricles. This allows the greatest compression and stretching of brain tissue in frontocentral regions with involvement of the superior longitudinal fasciculi and other long tracts and corpus callosum. This would explain why the hydrocephalic syndrome in its mildest form is in the nature of a bifrontal lobe deficit. Whether the stupor and coma with bipyramidal signs in the more advanced stages relate to a diffuse bilateral frontotemporoparietal deficit or to an impairment of diencephalic function from enlargement of third ventricle cannot be decided. Certainly diencephalic effects (hypothalamic and pituitary) of reversible nature have been observed. Thus, in terms of effect on surrounding brain, evidence of a hydrocephalic gradient of pressure which roughly parallels normal ventricular size, the greatest thrust being always in relation to the largest parts of the normal ventricular system, is manifest. Perhaps other factors are involved and the situation is even more complicated. Stretching and pressure against long fibre bundles such as superior longitudinal fasciculi might be functionally more disturbing than that on interlacing fibres, nerve cells or reticular substance. Importance ofAltered Pressure-surface Relationships in Diverticula of Ventricles,
Meningeal Cysts and Syringomyelic Cavities
If the thesis is valid that the evalution of pressure effects in hydrocephalus requires always a consideration of surface area against which it acts, it can probably be extended to other more localized pathological states. It is well known that destruction of nervous tissue near the ventricle causes that part of the ventricle to enlarge. The ventricle is said to wander. A diverticulum or porencephalic cyst represents a more extreme form of the same condition. It is assumed that the loss of cerebral tissue diminishes the pressure offered to the normal intraventricular pressure. Often the diverticulum is so enormous and progresses for so many months or years after the lesion should have become stable that some further modification of this hypothesis is needed. Two examples of marked ventricular diverticulation will make this point more clearly.
Case 1 Mr E G, aged 64 A semi-retired engineer had suffered a head injury in 1948. Thereafter his behaviour was erratic and in 1952 he had a generalized convulsion. A pneumoencephalogram showed a relatively normal ventricular system except that a suspicion of slight enlargement of the anterior horn of the right lateral ventricle was noted. The test was repeated in 1960 because the patient was forgetful, impulsive, incoherent in thinking and resorting to excessive intake of alcohol and other drugs, a clinical state difficult to analyse. A moderatesized diverticulum was now present in the right frontal region. He was followed on anticonvulsant medication which controlled his seizures but his thought and behaviour were so erratic that he could not work. The pneumoencephalogram was repeated in 1965 and the diverticulum was now enormous, occupying nearly half the space of the frontal lobe (more in the lower part). There were no focal signs. The CSF pressure was 150 mm. A ventriculo-atrial shunt with a Hakim valve was performed, reducing the CSF pressure to 70 mm; the tube was placed in the diverticulum. During the succeeding six months there was an improvement in behaviour and the patient was able to write a long and coherent analysis of a difficult engineering problem. Then once again, over the period of a few days, he deteriorated. The intraventricular catheter was found to have become obstructed and the CSF pressure had returned to its original level. Upon replacement ofthe tube the patient became symptom free and has remained so. We do not know whether the diverticulum is reduced in size. A therapeutic response has been obtained but one cannot be sure that the shunt is responsible for he has discontinued drugs and alcohol.
Case 2 Boy aged 2 years Gradual appearance of left hemiplegia during the last half of the first year of life. Tendon reflexes were hyperactive; there was spasticity, clonus and Babinski sign. Cutaneous stimulation in the left arm and leg was noticed less than on right side. There was a cranial bulge on right with marked frontal transillumination beneath it. CSF pressure was 160 mm. Pneumoencephalogram revealed a huge right frontocentral porencephalic cyst or diverticulum which filled easily from the ventricle.
In cases such as these the progressive enlargement of the diverticulum even to the point of destroying brain tissue and causing local expansion of the skull takes place in the face of relatively normal CSF pressure. This could only be accounted for on the basis of local pressure against altered brain tissue which offers less resistance to normal intraventricular pressure. Free communication between the diverticulum and ventricle assures that pressure within the diverticulum and subarachnoidal space are the same. There appear to be altered surfacepressure relationships. Symptomatic improvement with V-A shunt, more difficult to establish in this instance than in generalized normal pressure hydrocephalus, seems to indicate a reciprocal relationship between ventricular pressure and area.
Meningeal cyst formation, i.e. an arachnoidal diverticulum, whether congenital, post-traumatic or post-operative, might arise and be maintained by the operation of a similar physical principle but so far we have had no experience with it.
Once the ventricular wall is breached at any point by a lesion, offering a less resistant tissue with increasing surface, enormous cavities separated by thin strands of brain tissue may form. This is a recognized pathological state in the brains of children. A similar breach in the wall of a dilated central canal of the upper cervical cord might be the basis of syringomyelia and syringobulbia. The force of ventricular pressure could extend such dissections laterally into the grey matter for varying distances along the length of the thoracic cord. A hypothesis of this type would explain the noncongenital, nonhereditary nature of the disease, its invariable cervical location, the lack of any consistent type of lesion in the walls of the cavity, the enlargement of the spinal cord by a cavity containing a fluid of low protein content, the enlargement of the central canal, and the frequent association with hydrocephalus and hind-brain malformations.
Therapy for all these localized dilatations of the cerebrospinal ventricles and subarachnoid space has in the past lacked clear design and rationale. Merely unroofing a cavity or cyst or excising part of its wall stands as much chance of harming as helping. If our ideas are right, restoration of normal pressure-surface relationships is the objective, either by obliteration of the cavity or reduction of the ventricular pressure.
Obviously some of these extensions of theory based on a series of inferences from clinicopathological study may prove to be fallible but at least they have sufficient cogency to merit trial.
Conclusion
The main thesis of this presentation is that in both the general and localized dilatations of the cerebrospinal ventricles there may be serious disorders of nervous function at ventricular and lumbar subarachnoid CSF pressures at present regarded as falling within the range of normal. These conditions can now be safely relieved by modern neurosurgery, since the invention of oneway valves and ventriculo-atrial cannule. This single advance in neurosurgical technique permits the delineation of the syndrome of hydrocephalus stripped of the effects of the disease which has given rise to it. The physics of the normal pressure hydrocephalus involves principles of hydrodynamics not previously recognized. There is need of clinical studies in which ventricular, cerebral and spinal subarachnoid pressures are measured. We have suggested Pascal's law for fluids and a hydraulic press mechanism to explain the altered pressure-surface relationship. This can be regarded as no more thanaworkinghypothesis.
